Deoxyribonucleic acid (DNA) origami is a method for the bottom-up self-assembly of complex nanostructures for applications, such as biosensing, drug delivery, nanopore technologies, and nanomechanical devices. Effective design of such nanostructures requires a good understanding of their mechanical behavior. While a number of studies have focused on the mechanical properties of DNA origami structures, considering defects arising from molecular self-assembly is largely unexplored. In this paper, we present an automated computational framework to analyze the impact of such defects on the structural integrity of a model DNA origami nanoplate. The proposed computational approach relies on a noniterative conforming to interface-structured adaptive mesh refinement (CISAMR) algorithm, which enables the automated transformation of a binary image of the nanoplate into a high fidelity finite element model. We implement this technique to quantify the impact of defects on the mechanical behavior of the nanoplate by performing multiple simulations taking into account varying numbers and spatial arrangements of missing DNA strands. The analyses are carried out for two types of loading: uniform tensile displacement applied on all the DNA strands and asymmetric tensile displacement applied to strands at diagonal corners of the nanoplate.
Introduction
In addition to its biological function of encoding genetic information, DNA is now recognized as a versatile nanomaterial to construct devices for applications, such as drug delivery [1] [2] [3] , biosensing [4, 5] , and measurement tools [6, 7] . Decades of research in structural DNA nanotechnology have enabled the design of intricate structures with dimensions of 1-100 nm [8, 9] , positioning resolution even down to the subnanometer scale [10] , and lattice assemblies up to the micron [11] and even millimeter scale [12] . The scaffolded DNA origami approach [13] led to the design of nanostructures with unprecedented geometric complexity. In this approach, a long "scaffold" strand is folded into a compact structure via base-pairing interactions with 150-200 shorter "staple" strands typically 20-50 bases long. This folding process is illustrated schematically in Fig. 1 for a model nanoplate, with reduced size and number of staple strand components for simplicity. Single-stranded DNA tile [14] and single-stranded DNA brick [15] approaches were developed to build structures of similar geometric complexity and underlying architecture using purely shorter strands. More recently, approaches have been developed to automate the design of a range of solid three-dimensional (3D) structures with considerable geometric versatility based on computer aided design models [16, 17] .
The increasing interest in DNA-based materials and devices has led to efforts to understand the mechanical properties of various DNA assemblies [18] . Mechanical modeling studies have largely focused on predicting the assembled structure geometry and flexibility [19] , while a few experimental studies have used force spectroscopy [20, 21] and imaging of thermal fluctuations [22] to quantify the mechanical properties of DNA nanostructures. These prior studies have led to a basic understanding of the mechanical stiffness, in particular bending stiffness, of various DNA assemblies and the ability to predict folded shapes including cases where local stresses lead to curvature [23, 24] . In addition, the finite element method (FEM) [20, 25] and molecular dynamics (MD) [26] have been demonstrated as viable tools for the analysis of DNA origami nanostructures to predict mechanical properties. In particular, the finite element (FE) based tool, computer-aided engineering for DNA origami (CanDo) [25, 27] , which describes DNA base pairs as two-node beam elements with effective elastic and geometric properties, has been widely used to predict folded geometries and local flexibility of DNA origami structures.
The studies outlined above have exclusively considered nanostructures with perfect assembly, where all of the strand components are correctly incorporated. However, a recent study [28] demonstrated that the DNA origami molecular self-assembly process generally leads to one or a few strands missing, which results in pre-existing structural defects. The mechanical impacts of these defects have remained unexplored largely because of the difficulty of screening a large variety of possible defects, as there are over 150 strands that could potentially be missing. Further, considering varying spatial arrangements of multiple defects leads to an extremely large set of possible combinations, even for just two missing strands. Although self-assembly conditions may be optimized to minimize defects, that would be a timely process, which is still unlikely to lead to a perfectly folded structure. Thus, since the presence of missing strand defects in DNA origami nanostructures is challenging to avoid and costly to minimize, it is critical to understand the impact of defects on the mechanical behavior. Given the large number of possible defects and experimental difficulties, a computational approach to rapidly screen the uncertainty of mechanical properties would be highly desirable. Considering so many cases by MD simulations is intractable; and it is possible via existing FEM approaches that capturing the local effects of missing strands requires a more detailed description of the DNA structure than beam elements [25] .
Similar problems are encountered in the field of computational material engineering, where quantifying the uncertainty associated with pre-existing defects in the mechanical behavior is essential for the reliable design of a materials system. Several techniques such as data-driven approaches [29] and micromechanical models [30] have been developed to accomplish this goal. However, the uses of numerical techniques such as FEM for the treatment of such uncertainty quantification (UQ) problems could still be a laborious process. Two major barriers toward this task are (i) creating multiple realistic geometrical models of the problem with varying shapes and spatial distributions of defects and (ii) constructing an appropriate conforming mesh to discretize each geometrical model [31] .
Two metrics are frequently used to determine the quality of an FE mesh: the geometric discretization error and aspect ratios of elements [32] . Several techniques have been developed for the construction of conforming meshes, such as the Delaunay triangulation [33] , advancing front [34] , and quadtree/octreebased methods [35] . Creating a high-quality mesh via such algorithms often involves an iterative smoothing or optimization phase, together with other techniques, such as node relocation and edge swapping. This process could be computationally demanding when multiple FE models are required for a UQ, as even small changes in the domain morphology often necessitate the reconstruction of a whole new mesh. Recently, Soghrati et al. [36] introduced a conforming to interface-structured adaptive mesh refinement (CISAMR) technique that enables the automated FE modeling of problems with complex geometries. CISAMR relies on a noniterative algorithm to transform a structured grid into a high-quality conforming mesh. A unique advantage of this method is the ability to locally modify the mesh by adding/removing a geometric entity (e.g., a defect), which highly facilitates creating multiple models of a materials system (e.g., a DNA origami nanoplate) with varying morphological features.
The aim of this paper is to demonstrate the application of a fully automated computational framework relying on CISAMR for the UQ of the impact of defects (missing staples) on the mechanical behavior of a model DNA origami nanoplate. We chose to focus on a nanoplate structure (Fig. 2) , since they are widely used as templates for nanoparticles, proteins, chemical reactions, and biomarker detection [37] . In addition, smaller versions of DNA origami nanoplates have been the subject of mechanical analysis by force spectroscopy [38] and can serve as a basis for a wide range of materials, such as DNA origami ribbons [39] , illustrated in Fig. 2(b) . Further, varying arrangements of nanoplates could serve as a basis for metamaterials, where local reorientation contributes to the overall mechanical behavior ( Fig. 2(c) ), similar to structures realized with elastomeric materials [40] .
CISAMR Algorithm
In this section, we provide an overview of the CISAMR algorithm, as originally presented in Ref. [36] . CISAMR implements three noniterative steps to create a hybrid conforming mesh composed of quadrilateral and triangular elements: h-adaptivity, radaptivity, and subtriangulation of the background mesh, which are described in more detail in Secs. 2.1-2.3.
2.1
Step 1: h-Adaptivity. As the first step, CISAMR uses an h-adaptive refinement algorithm to subdivide the background elements in the vicinity of materials interfaces to accurately approximate the gradient field and minimize the geometric discretization error. As shown in Fig. 3 (a), at each level, the elements cut by the interface and their selected neighboring elements are subdivided into four smaller quadrilateral elements. In this algorithm, if one of the nodes of a nonconforming element is located in a different material phase than one of the element edges connected to that, all the neighboring elements sharing that node are subjected to refinement.
2.2
Step 2: r-Adaptivity. Next, an r-adaptivity algorithm is employed to transform the refined grid constructed after applying the SAMR step into a deformed mesh in the vicinity of materials interfaces, as illustrated in Fig. 3(b) . This process begins by calculating intersection points of interfaces with the edges of background elements. We then visit the nodes of elements cut by materials interfaces to determine whether they need to be relocated by moving to the interface. As shown in Fig. 3 (b), after applying this algorithm, the original nonconforming elements either transform into conforming elements or are diagonally cut by the interface. Assuming that h is the length of element edges connected to node N and d is the distance between this node and the intersection point of the interface with one of these edges, the following algorithm is employed to update the location of N : 
2.3
Step 3: Subtriangulation. Finally, all the background elements deformed during the r-adaptivity process, as well as elements with hanging nodes due to applying SAMR to their neighboring elements, are subtriangulated to create the final conforming mesh (Fig. 3(c) ). As noted previously, all the remaining nonconforming quadrilateral elements after the r-adaptivity phase are cut diagonally by the interface. Using the following rules for the subtriangulation of these elements guarantees that the aspect ratios of the resulting subelements are lower than three: (i) Whenever possible, i.e., if the element is not cut by the interface along the diagonal emanating from its smallest angle, the cut used for subdividing that into two triangular elements must emanate from its largest angle. (ii) If the element is already cut along the diagonal emanating from its largest angle, and this angle is smaller than 60 deg, cut the element along both its diagonals to subdivide that into four subtriangles.
It is worth mentioning that although the aim of the current paper is to establish an automated computational framework for modeling two-dimensional DNA origami nanoplates, there is no inherent limitation for expanding CISAMR to 3D. Thus, a similar three-step process involving h-adaptivity, r-adaptivity, and subtetrahedralization can be implemented to create high-fidelity FE models of DNA origami objects with more complex 3D nanostructures.
3 DNA Origami Nanoplate 3.1 Design and Assembly. To demonstrate the utility of CIS-AMR for UQ in DNA origami nanostructures, we focused on a nanoplate modeled after the Rothemund rectangle [13] as an exemplary structure. This nanoplate consists of 26 helices joined together side by side to make a rectangle that is approximately 65 nm wide Â 105 nm long, as shown in Fig. 4(a) . Many flat DNA origami nanostructures, including the Rothemund rectangle, exhibit an irregular underlying strand architecture due to the presence of a scaffold seam that is required for a circular scaffold. Here, we focus our analysis on a nanoplate with a regular underlying strand architecture to avoid potential stress concentrations that may result from an irregular strand architecture. This regular strand design can be achieved using a linearized scaffold similar to the square-and star-shaped structures presented in Rothemund's original paper [13] or via a tile approach that exclusively utilizes shorter DNA strands [14] . The upper inset in Fig. 4(a) illustrates a simplified cylinder model of the nanoplate, which represents the underlying helices and strand architecture.
DNA origami fabrication is performed via molecular selfassembly, where the scaffold strand is mixed with all of the component staple strands, typically with each staple strand in tenfold excess relative to the scaffold. The scaffold and staple strands mixture is suspended in a folding reaction and subjected to a thermal annealing process as described previously [27] . The atomicforce microscopy image of the resulting rectangular nanoplates is shown in Fig. 2 . The assembly process can be optimized with regards to the solution conditions, such as ion concentrations, the details of the thermal ramp, the DNA component concentrations, and the underlying structure design. However, even optimized assembly conditions typically result in incomplete assembly with one or a few strands missing from a structure [28] . Therefore, understanding the impact of defects on the structure behavior is critical for effective design of nanodevices and nanomaterials.
Automated Finite Element
Modeling. The presence of defects in a DNA origami structure could affect both global structure mechanical properties and local stresses, which affect material failure. Here, we investigate the impact of defects resulting from incomplete self-assembly on the effective stiffness and maximum normal strain (as a precursor for damage) when the nanoplate is subject to uniform and asymmetric tensile loads applied as a prescribed displacement of 1 nm, as shown in Fig. 5 . These boundary conditions are selected such that they replicate the loads applied to the nanoplates used for the construction of the nanostructures depicted in Fig. 2 . In particular, the asymmetric loading condition (Fig. 5(b) ) is similar to a previous experimental study developing a DNA origami nanomechanical sensor [38] .
In this work, we improve on the simplified cylinder model of the nanoplate with a more realistic model of its molecular structure, as shown in Fig. 4(b) , to enable the prediction of mechanical behavior and stress concentrations in the presence of defects. The wavy geometry of each DNA strand in this model is based on a cryo-electron microscopy study that reconstructed the helices in a DNA origami nanostructure [41] . The underlying DNA architecture and a defect caused by a missing staple strand are illustrated in Figs. 4(c) and 4(d), respectively. Although single-stranded DNA remains (dashed lines) at the location of the defect, it does not support any load since it is much more flexible than doublestranded DNA. Hence, it is analogous to replacing load-bearing material with a slack string. The unique capability of CISAMR for creating high-quality conforming meshes enables the automated construction of appropriate FE models of the nanoplate with varying numbers and spatial arrangements of defects. Using a 400 Â 256 background grid to discretize the bounding box of the nanoplate, Fig. 4(e) shows a small portion of the conforming mesh generated using CISAMR for modeling the nanoplate. Two levels of refinement are used in the SAMR phase to reduce the geometric discretization error and accurately approximate the strain field in the vicinity of boundaries.
The CISAMR ability to transform a simple structured grid into a conforming mesh also eliminates the need for the use of computer aided design drawings for creating the FE model. Instead, one can easily create a high-quality conforming mesh starting with a binary image of the nanoplate, as shown in Fig. 6 . In this approach, after identifying the binary pixels corresponding to the nodes of the background grid that represent each material phase (1: DNA and 0: no material), we determine whether each element is located entirely inside/outside each DNA strand or intersecting with its boundaries. After recursive SAMR of the elements cut by the domain boundaries and their selected neighboring elements, we employ the split-half search algorithm along the edges of each nonconforming element to evaluate their intersection points with domain boundaries. The r-adaptivity and subtriangulation steps of CISAMR are then executed to build the final conforming mesh. This technique fully automates the modeling process by allowing the implementation of a high-resolution image of the nanoplate to directly predict its mechanical behavior. Thus, one can simply overlap the image of a perfect nanoplate with multiple virtual defects, similar to that shown in Fig. 4(b) , to simulate varying numbers and spatial arrangements of defects. 
Numerical Results and Discussion
The automated image-based CISAMR technique described in Sec. 3 .2 was employed to analyze the mechanical response of 42 nanoplates with varying pre-existing defects, as shown in Fig. 7 . The spatial arrangement of defects in these nanoplates is not completely random, as each plate has two axes of symmetry, which leads to similar mechanical behavior for some nonsimilar arrangements of defects. Instead, the 42 cases depicted in Fig. 7 are selected such that none of them is symmetric, thus representing unique behaviors subject to varying loading conditions. As noted previously, two types of simulations with the BCs shown in Fig. 5 are carried out for each model to perform the UQ. Here, we compare the mechanical behavior of a nanoplate with no defect to these 42 nanostructures with either one or two missing staple strands. In addition to studying the variation of the nanoplate stiffness in the presence of defects, we also investigate their impact on the maximum normal strain in the underlying DNA structure as a precursor for the initiation of damage. According to Kim and Kim [42] , the elastic modulus and the Poisson's ratio of DNA in the FE models are considered as E ¼ 244 MPa and ¼ 0:499, respectively. Figure 8 illustrates the variations of the effective modulus of elasticity E eff and maximum tensile strain e max versus the number/arrangement of defects in the 42 nanoplates depicted in Fig. 7 . Values of both parameters are normalized with those associated with a perfect nanoplate with no pre-existing defect, i.e., E 0 eff ¼ 160:3 MPa and e 0 max ¼ 0:028. As shown in Fig. 8(a) , missing only one staple in manufacturing the nanoplate leads to an average decrease of 6.5% in E eff , with a small standard deviation of approximately 1%. However, the presence of two defects in the nanoplate leads to a considerably higher uncertainty in E eff , with minimum and maximum reductions of 8.4% and 12%. Analyzing the spatial distribution of defects in the nanoplates with least decrease in E eff (36) shows that the defects are in the same row, which roughly replicates a nanostructure with only one missing staple. However, for the nanoplates with the lowest effective modulus of elasticity (e.g., 20-22 and 32-34), the defects were either in two adjacent rows or far from one another; thus, no clear correlation can be made between their spatial arrangement and the effective stiffness.
Uniform Tensile Displacement.
Studying the variation of the maximum tensile strain in the defective nanoplates as shown in Fig. 9 reveals that even one missing staple could lead to more than a twofold increase in e max Fig. 6 Schematic of the process of identifying the background elements cut by DNA strands and performing the h-adaptivity phase during the construction of an FE model of the nanoplate using CISAMR Fig. 7 Different models analyzed to quantify the impact of defects on the DNA nanoplate mechanical behavior (e.g., nanoplate 1). As expected, on average, missing two staples results in a higher increase in e max , although for both cases the standard deviation is also significant (nearly 45%). Further, the increase in e max has no direct correlation with the decrease in E eff . Note that since a displacement of 1 nm is employed to generate tension in the nanoplate, reduction in its effective stiffness means that the amplified values of e max correspond to lower applied tractions along the left and right boundaries. For example, for nanoplate 16, although the applied force required to achieve the boundary displacement decreases by 11%, the maximum tensile strain is increased by a factor of 2.27.
A closer look at the spatial arrangement of defects in nanoplates with largest values of e max shows that either one of the missing staples is located near one of the corners or two missing staples are in two consecutive rows of the nanoplate. A more important observation pertains to the location of e max , in which all the 42 nanoplates occur in the DNA strand right below or above the missing staple. Figure 9 illustrates the strain field in two nanoplates (10 and 11), which clearly shows this common feature in the vicinity of defects. Since the rupture of DNA strands occurs due to overstretching, this important observation suggests that a missing staple strand could lead to local strain concentrations in the neighboring strands that accelerate local failure. In addition, if local failure occurs, the e max would be transferred to the adjacent row and the damage initiated near the original defect could quickly propagate in perpendicular to the DNA strands direction until the entire nanoplate fails.
Asymmetric Tensile Displacement.
The variations of the reaction force R and the maximum tensile strain e max in nanoplates subjected to asymmetric tension ( Fig. 5(b) ) are depicted in Figs. 10(a) and 10(b), respectively. The reaction force is computed for a 1 nm displacement applied on a single DNA strand on the top right of the nanoplate, while the bottom left is held fixed. Interestingly, the reaction force is only affected for the four cases (nanoplates 11; 14; 28, and 31), where a defect is in close proximity to the applied displacement. In other words, unless the defect is located near one of the two corners where tension is applied, the decrease in the stiffness for this type of loading is negligible. Note that the closer the defect is located to the edge of nanoplate where the force is applied, the larger the reduction in the reaction force. Nanoplate 11 where the defect occurs one row above the edge near the bottom left corner exhibits an 11% reduction in reaction force compared to 7% for 14; 28, and 31 that occur on the second row from the edge near the top right corner.
Studying the relationship between number/distribution of defects and the e max ( Fig. 10(b) ) shows that except for nanoplate 11, the variation of e max is negligible. More interestingly, unlike Fig. 7 subject to asymmetric tension the case of uniform tensile loading, the presence of defects in this nanoplate leads to a reduction in e max if a defect is near the corner where the reaction force occurs or the displacement is applied. The deformed shape and normal strain field for this nanoplate are illustrated in Fig. 11 . Since e max can be considered as a precursor of the damage (rupture), this study shows that regardless of the number and arrangement of defects in the nanoplate subjected to asymmetric tension, failure always occurs at the supports or locations of the applied load.
The computational framework presented in this paper enables the construction of many models of DNA origami objects with varying nanostructural features, which is critical to consider the effects of structural uncertainty resulting from self-assembly. This work establishes a foundation to consider the detailed underlying strand structure of DNA origami objects in an FE framework. Compared to prior FE-based models approximating DNA base pairs as cylinders, a more realistic description of the DNA structure in the current model provides higher fidelity for considering local effects that govern the onset of failure, although it also increases the computational burden. The image-based CISAMR algorithm streamlines the consideration of multiple models by automating the modeling process. Note that continuum models generally do not provide a similar level of accuracy or mechanistic insight as MD simulations, but MD simulations are considerably more computationally expensive. Further, the use of a continuum model for predicting the failure response of DNA origami nanostructures requires the use of an appropriate damage model and the 3D geometry of base pairs, which could be the subject of future studies.
Conclusion
An automated computational framework relying on a noniterative conforming to interface structured adaptive mesh refinement (CISAMR) algorithm was introduced to quantify the impact of missing staples on the mechanical behavior of a DNA origami nanostructure. The CISAMR approach simply requires input of a binary image of the nanostructure, together with a structured grid, which is then transformed into a high-quality conforming mesh. The proposed image-based CISAMR technique automates the generation of high-fidelity FE models for DNA origami nanostructures, which enables the mechanical uncertainty quantification for a large number of possible defects (missing staples). In this work, we focused on a model nanoplate subject to uniform and asymmetric prescribed tension. The key observations made in this study are summarized below:
(1) When subjected to uniform tensile displacement, missing one or two staples in the plate nanostructure could lead to an average decrease of 6.5% and 10% in the effective stiffness, respectively, with a considerably higher standard deviation (uncertainty) for varying configurations of two missing strands. This suggests the importance of understanding whether defects are random or systematically occur at specific sites.
(2) The presence of defects can amplify the maximum tensile strain more than two times and thus accelerate the initiation of damage in the direction perpendicular to the DNA strands subject to uniform tension. This observation could guide the design strategies for robust mechanical behavior to increase local thermodynamic binding stability near the corners to maximize proper incorporation or to minimize the occurrence of neighboring staples with low annealing probabilities. (3) When subjected to asymmetric tension applied on two diagonal corners of the nanoplate, the pre-existing defects have no impact on the stiffness and maximum tensile strain unless one of them is close to one of the corners. Further, the maximum strain (and thus failure) always occurs in the corner DNA strand where the force is applied, which suggests that reinforcement of the structure near the sites of force application could strengthen origami structures for mechanical applications.
